The genetic variability and structure of the European eel ( Anguilla anguilla L.) in populations throughout Europe was reassessed using 15 allozymic loci, seven of which were polymorphic. Seven sites were sampled on a latitudinal gradient across the natural continental range, extending from southern France to southern Norway. Heterozygosity ( H e = 0.05) and level of polymorphism (P = 0.43) were comparable to other marine fish. Populations were poorly differentiated ( G ST = 0.014, F ST = 0.002), which is not surprising considering the high dispersal capability of the European eel. However, a significant geographical cline was detected at two alleles ( IDH-1 * 100 and GPI-1 * 110 ), and genetic distances ( D CE ) were concordant with geographical coastal distances. Mantel tests, pairwise F ST 's and multidimensional scaling analyses identify three distinct groups: Northern Europe, Western Europe and the Mediterranean Sea. We propose that the clinal genetic structure in the European eel may be due to (1) isolation by distance (as recently detected with microsatellites), (2) temporal reproductive separation, (3) post-larval selective forces, (4) contact between formerly separated groups or (5) some combination thereof.
INTRODUCTION
Marine fishes often maintain large effective populations, are highly fecund and have a high potential for larval dispersal. There is thus considerable doubt as to whether natural marine populations maintain separate reproductive units and whether genetic approaches might be useful to discriminate the population structure (Waples, 1998) . For example, in some marine taxa, information from allozymes and mitochrondrial DNA was unable to reveal obvious genetic subdivisions (Ward, Woodwark & Skibinski, 1994; Grant & Bowen, 1998) whereas in many coral reef fishes genetic structuring is evident (Waples, 1987; Planes, Doherty & Bernardi, 2001; Planes & Fauvelot, 2002) . The marine environment, however, holds many peculiarities, which, in conjunction with other lifehistory characteristics of marine fishes, hints at genetic differentiation within apparent panmictic populations. In fact, the marine environment shows much more heterogeneity owing to the influence of climate, hydrodynamics and topography on natural barriers, which affects dispersal (Cowen et al ., 2000) . Genetic structuring is enhanced furthermore by certain biological traits, such as sex-dependent migration, phylopatry and assortative mating, which can counteract dispersal and gene flow (Sinclair, 1988; Ruzzante, Taggart & Cook, 1998) . Hence, numerous marine species maintain a genetic structure despite a great potential for dispersal (Shaw, Pierce & Boyle, 1999; Nielsen et al ., 2001) .
Although the European eel ( Anguilla anguilla L.) spends most of its lifetime in freshwater systems or estuaries, its early life-history is comparable to that of other marine organisms. From the Sargasso Sea breeding site, the leptocephali of the European eel move actively to the continental shelf of the eastern Atlantic seaboard (Arai, Otake & Tsukamoto, 2000) , where they metamorphose. Thereafter, the glass eels may ascend to the rivers although this is not always the case (Tsukamoto, Nakai & Tesch, 1998) . After several years spent in freshwater as feeding yellow eels, partially mature silver eels migrate back to their natal spawning grounds. Here they complete maturation, reproduce only once and die. Fecundity, larval mortality and dispersal potential are high (Tesch, 1977) . It has been difficult to evaluate the presence of any population structure due to the paucity of available information concerning the life-cycle and genetic structure of the European eel (de Ligny & Pantelouris, 1973; Comparini & Rodino, 1980; Yahyaoui, Bruslé & Pasteur, 1983) . It was long assumed that European eel behaved as a panmictic population, i.e. a homogeneous population spawning in the Sargasso Sea. Early studies, based on allozymes, suggested that European eel populations differ between several continental European locations (Drilhon et al ., 1967; Pantelouris, Arnason & Tesch, 1970 ). This conclusion, however, was rejected on methodological grounds (Koehn, 1972) . Later, mitochondrial DNA studies failed to detect any genetic differentiation (Lintas et al. , 1998; Daemen et al ., 2001) . Nevertheless, other indications, such as hybrids between European and American eel in Iceland (Avise et al ., 1990) , separate populations in the northern and southern range (Daemen et al ., 2001) and isolation by distance using microsatellite markers (Wirth & Bernatchez, 2001 ) constitute elements challenging the panmixia hypothesis of European eel.
Clinal variation on a latitudinal gradient has been detected in Anguilla rostrata , the American eel (Koehn & Williams, 1978) and A. japonica , the Japanese eel (Chan et al ., 1997) , prompting a re-evaluation of the allozyme data for A. anguilla following the isolation by distance hypothesis suggested by Wirth & Bernatchez (2001) . The objective of this study was two-fold: we first reassessed the genetic variability and structure of the European eel by using most of the allozyme loci screened in earlier studies on eels. We then tested whether there was clinal variation in the European eel similar to that detected in the American eel (Koehn & Williams, 1978) and the Japanese eel (Chan et al ., 1997) . We sampled A. anguilla populations found on the north-western Atlantic and Mediterranean shelf to test for latitudinal variation and to determine whether the Mediterranean and Atlantic populations could be differentiated as proposed in earlier studies (Pantelouris et al. , 1970; Yahyaoui et al. , 1983) .
MATERIAL AND METHODS M ATERIAL
We collected seven samples of adult eels, mainly during the months when silver eels start their migration back to the Sargasso Sea. Each sample consisted of approximately 50 individuals. Five of the samples were Atlantic coast representatives and two of the samples were Mediterranean Sea representatives (see Table 1 and Fig. 1 for specific details). Except for the Netherlands site where one all-male and one allfemale sample were collected, all samples consisted of both males and females. The eels were collected and brought back to the laboratory alive, where they were processed.
A LLOZYME ELECTROPHORESIS Genotypes were detected by horizontal starch gel electrophoresis (SGE) in the five Atlantic samples and cellulose acetate gel electrophoresis (CAGE) in the two Mediterranean samples (Harris & Hopkinson, 1976; Richardson, Baverstock & Adams, 1986) , because of the rapidity and ease of the latter method. Liver and muscle tissue was homogenized with a double volume of 10 m M Tris-HCl (pH 7.8) at 4 ∞ C. The samples were centrifuged for 10 min at 13 000 r.p.m. (10 000 g ) at 4 ∞ C and the supernatant was aliquoted and stored at -80 ∞ C. We followed the procedures of Whitmore (1990) , Pasteur et al . (1987) and Hoelzel (1992) SGE and the procedure of Richardson et al . (1986) CAGE.
Our staining procedures followed Hebert & Beaton (1989) . We used Shaklee et al .'s (1989) nomenclature for enzymes. The two techniques for allozyme electrophoresis were calibrated to ensure interpretation was consistent and reliable. To detect scoring artefacts, we aligned all the alleles and repeatedly ran some loci for selected samples with both methods. Ultimately we analysed nine enzymes (15 loci) on CAGE and SGE which could be genotyped after a few modifications. Seven polymorphic loci were included to assess population structure (Appendix 1 and Table 2 ).
D ATA ANALYSIS OF GENOTYPES
Genetic diversity was evaluated based on genotype and allele frequencies, the level of polymorphism (0.99 criterion, where a locus is considered polymorphic when the frequency of the most common allele does not exceed 0.99), observed and expected heterozygozity ( H o and H e ), number of alleles and mean number of alleles per locus (MNA). Homogeneity of allele frequencies among samples was tested with GENEPOP version 3.1d (Raymond & Rousset, 1995) . Departures from Hardy-Weinberg equilibrium were calculated as D = (H o -H e )/H e with GENEPOP version 3.1d (Raymond & Rousset, 1995) using the Markov chain method. The standard deviation of each value was estimated by jack knifing over loci as implemented in GENETIX version 4.02 (Belkhir et al., 1999) and the linkage disequilibrium was calculated using the LINKDIS procedure implemented in Table 2 . Anguilla anguilla L. Enzymes scored in tissue (liver and muscle) extracts and buffers used in the electrophoretic analysis. TLCB = Tris-Lithium-Citrate-Borate, TC = Tris-Citrate, P = Poulik, TM = Tris-Maleate and TG = Tris-Glycine. The seven polymorphic loci included in the analysis are shown in bold type. Nomenclature for enzymes as in Shaklee et al. (1989) GENETIX (Belkhir et al., 1999) . Population structure was characterized using a G-test of differentiation (Raymond & Rousset, 1995) , hierarchical F-statistics, theta (q) and G ST -values as implemented in the GENETIX 4.02 software package (Belkhir et al., 1999) . Because of the subtle differentiation and the large number of rare alleles, we chose to estimate the fixation index (F ST (RB)) following Robertson & Hill (1984) after correction by Raufaste & Bonhomme (2000) , but used Weir and Cockerham's theta estimator for highly differentiating loci (when F ST > 0.05). Significance of multilocus F ST was assessed with permutation tests (1000 replicates), which yielded a distribution of F ST under the null hypothesis of no significant population differentiation, followed by a comparison with the observed F ST value. Pairwise genetic distances (D CE ) were calculated according to Cavalli-Sforza & Edwards (1967) , considering drift as the only force acting on genetic variability with fluctuating effective population size. The significance level of the genetic distances was obtained by permuting (1000 permutations) individuals between samples for each pair of samples being compared (GENETIX). The correlation between genetic distances (D CE ) and geographical distances, measured either as the shortest coastal distance between two samples or the distance between the sampling site and the spawning grounds (26∞54¢N; 51∞03¢W), was performed using Mantel's non-parametric test on pairwise distance matrices (Mantel, 1967) using the MANTEL procedure in GENETIX (Belkhir et al., 1999) . A correlation test was performed between allele frequencies and latitude to test for clinal variation (STATISTICA 5.0, Statsoft, 1994) . In all cases significance levels were corrected for multiple comparisons using a sequential Bonferroni correction (Rice, 1989) . Finally, multidimensional scaling (MDS) of pairwise F ST 's (with 100 iterations) was performed to project genetic differentiation between samples on a two-dimensional plane as implemented in the software package STATISTICA version 5.0 (Statsoft, 1994) .
RESULTS

GENETIC DIVERSITY
Seven of the 15 loci were polymorphic (P = 0.47). The total number of alleles per locus ranged from 1 to 7 and from 1.7 to 2.1 per sample per locus. Various rare and several private alleles were detected (Appendix 1).
The average heterozygosity across all samples and loci was 0.05 ( (Table 2 ). There was a significant decrease in the level of polymorphism at higher latitudes (r = -0.83, P < 0.05) ranging from 40% (Italy) to 26,7% (Norway) ( Table 3) .
DEPARTURES FROM HARDY-WEINBERG AND GAMETIC DISEQUILIBRIUM
All seven samples were in Hardy-Weinberg equilibrium, supporting Mendelian inheritance of genotypes, confirming the quality of the genotype interpretation and the random association of alleles within samples. Averaged over all samples, the inbreeding coefficients of all loci did not differ significantly from zero (Table 3 ). The loci AAT-2*, GPI-1* and MDH-2* were in linkage disequilibrium among each other and with the IDH-1* locus in several samples (data not shown). 
MULTILOCUS ANALYSIS OF GENETIC STRUCTURE
An overall probability test of genotypic differentiation at all loci and all samples based on the Markov Chain method was significant (G-test, P = 0.04). Overall genetic differentiation was low (G ST = 0.014 and F ST (RB) = 0.002) and non-significant (P > 0.05 after a permutation test on 1000 replicas). The principal contributing loci to the genetic structure are in order of magnitude: GPI-1*, PGM-1*, IDH-1*, MDH-1* and MDH-2* (Table 4 ). Pairwise F ST over all loci was highly significant between the most distant samples, namely Italy and Norway (F ST (RB) = 0.051, P <0.01 after Bonferroni correction, (Table 5) .
A Mantel test was conducted with two genetic estimators (F ST and Cavalli-Sforza chord distance (D CE )) and two geographical distances, namely the coastal distances between sampling sites and the difference in distance between sampling and spawning site (Sargasso Sea). A high correlation coefficient was found in the four cases, but the correlation was slightly higher when calculated with the coastal distance among localities (0.68 < r < 0.78, P < 0.05) than with distance to the spawning ground (0.63 < r < 0.80, P = 0.064 and 0.050, respectively) (Fig. 2) . The Italian sample is the main contributor to the pattern of isolation by distance as expected from the high differentiation estimators between this population and the others. When loci showing clinal variation are removed, correlation remains constant (IDH-1* excluded) or increases in significance (GPI-1* excluded). Locus MDH-2* is the main contributor to the observed correlation, as when removed the P-value increases above significance level (P > 0.1).
Regression analysis between allele frequencies and latitude showed a clinal variation at two loci: allele IDH-1*100 showed a significant unidirectional increase with latitude (r = 0.83, P = 0.02), while allele GPI-1*110 decreased with latitude (r = -0.73, P = 0.06) (Fig. 3a,b) . When both samples from the Mediterranean were excluded from the dataset, the correlation became higher at both loci (r = -0.99 for GPI-1* and r = 0.98 for IDH-1*), more significant (P < 0.01) and the confidence interval was considerably narrower (Fig. 3c,d ).
We conducted an MDS analysis on pairwise F ST values between all samples (Fig. 4) . The stress value was very low (<0.005) when two dimensions were used; the relation between samples can thus be projected in a two-dimensional plane with high confidence. From the figure, it is clear that differentiation exists between the most distant samples (NRW and ITA) and that the remaining samples are arranged according to an isolation by distance model. Indeed, if projected on the first dimension axis, all samples are roughly separated according to geographical distance between sites.
DISCUSSION
Highly variable DNA markers enable scientists to reveal the subtle structure in seemingly panmictic populations. Several studies on marine organisms, with or without a dispersing larval phase, have demonstrated that such small differentiations are detect- able using microsatellite DNA (Shaw et al., 1999; Nielsen et al., 2001) . Nonetheless, allozymes are still frequently used for assessment of genetic variability in natural populations because large datasets are available, independent loci are numerous and the relative cost is low. The signal expected from allozymes has been suggested to be much lower than nuclear or mitochondrial DNA, because of a lower level of polymorphism, the slower evolutionary rate of coding enzymes and selective constraints (Pogson, Mesa & Boutilier, 1995; Powers et al., 1991) . Nevertheless, the allozymic differentiation unveiled in highly vagile and supposedly panmictic populations (Kotoulas, Bonhomme & Borsa, 1995; Jerry, 1997) demonstrates that genetic structuring is detectable at the level of allozymes. Furthermore, this structuring is concordant between several classes of molecular markers (Allendorf & Seeb, 2000) .
The high effective population size (N e = 0.5 ¥ 10 6 ; Daemen et al., 2001) , the high level of enzymatic polymorphism (P = 0.47, this study) and the low genetic variability (H e = 0.05, this study) of the freshwater eel are for the most part comparable with other marine teleosts (Ward et al., 1994; Bohonak, 1999) , including several other species of eel (Williams, Koehn & Mitton, 1973; Chan et al., 1997; Daemen et al., 2001) . The presence of rare and private alleles in our study is concordant with the high haplotype diversity and the star-like haplotype pattern encountered in other studies on European eel using mitochondrial DNA (Lintas , 1998; Daemen et al., 2001) . It might be attributed to the high fecundity and non-random dispersal of leptocephali with occasional genetic sweepstakes during population expansions, similar to anchovies and sardines (see Grant & Bowen (1998) for an overview). The pattern of increasing polymorphism at decreasing latitudes shown here is consistent with varying heterozygosity at the loci IDH-1* and AAT-1* (Table 3) . We found that the heterozygosity of IDH-1* gradually increased with decreasing latitude, resulting in the clinal variation of the most common allele (see below), whereas AAT-1* was much more variable in the Mediterranean samples than in the Atlantic samples (10%). This result is consistent with the pattern observed in several aquatic organisms with recent habitat expansion where variability decreases with latitude (Bernatchez & Wilson, 1998; Bucklin & Wiebe, 1998) . Similar latitudinal differentiation was reported for the Japanese and American eels. Williams et al. (1973) found clinal genetic differentiation (up to 10% difference in allele frequency) in the American eel, A. rostrata, along the eastern coast of North America. Later, Koehn & Williams (1978) attributed temporally stable latitudinal clines on the GPI and IDDH enzymes to natural selection. Chan et al. (1997) also found clinal genetic differentiation of 13% and 9% at two loci in the Japanese eel, A. japonica, along the Japanese coast. They proposed that the temporal differentiation (arrival time) and spatial distribution of young Japanese eels can account for the clinal variation. In the present study, we detected significant clinal variation of a comparable magnitude (namely 8% from 43∞N to 60∞N) at two loci (IDH-1* and GPI-1*). Earlier observations of a spatio-temporal allometric gradient in glass eel size and age at metamorphosis in silver eels strengthen the idea that European eel populations are distinct (Vøllestad, 1992; McCleave et al., 1998) . Moreover, arrival waves have been monitored based on the condition index and meristic traits, possibly pointing to the presence of three distinct glass eel groups (Boëtius & Boëtius, 1989) .
Our assessment of genetic variability and allozymic clinal variation shows a subtle differentiation between geographically distant samples (on a north-south axis), and more specifically between the Atlantic and Mediterranean oceanic environments (1-5% F ST ). The strongest differentiation values were observed between the Norwegian and the Italian samples, which are also geographically the most distant. The Italian sample contributed the most to this differentiation, whereas the Southern France (Sète) sample was intermediate between the Atlantic samples and the Italian sample (see MDS). There is a considerable ecological difference between the Western (Southern France) and the Eastern (Adriatic-Italy) Mediterranean basins (Margalef, 1985) . Daemen et al. (2001) also found significant differentiation between a Moroccan sample and the remaining West-European samples using microsatellite DNA, suggesting that populations in the southern range are discrete.
Gene flow counteracts differentiation among populations caused by genetic drift or differential selection. When the distribution of a species is more or less con- tinuous across its range, the balance between these antagonistic forces may result in clines. In this case, isolation by distance ensues: genetic differentiation at neutral loci increases with geographical distance. The life cycle of A. anguilla should facilitate gene flow. Other factors within the Sargasso Sea and the Gulf Stream, however (e.g. physical barriers to pelagic stage dispersal, temperature and salinity fronts, homing behaviour of spawners, eddies favouring larval retention, differential post larval mortality during migration, and freshwater residency), may favour geographical isolation instead (Sinclair, 1988; Avise, 1994) . Our results show a low but significant amount of differentiation between distant samples, suggesting a limited amount of gene flow between spawning populations. Furthermore, coastal geographical distance and genetic differentiation estimators (F ST and D CE ) were significantly correlated, a finding similar to that of Wirth & Bernatchez (2001) . Their study, based on microsatellite DNA, suggested an isolation by distance (IBD) or time scenario in the Sargasso Sea, which remained detectable along the European coast. Finally, Daemen et al. (2001) showed a cline in mitochondrial haplotype diversity, reinforcing the possibility of discrete populations across Europe. More subtle mechanisms separating eel populations must be active to explain the observed pattern described. The findings from this study in conjunction with findings from previous studies (Harding, 1985; McCleave, 1993; Daemen et al., 2001; Wirth & Bernatchez, 2001) provide new elements that can refine the current hypotheses that attribute clinal genetic variation and differentiation to spatiotemporal differentiation and selection.
The first classical hypothesis states that spatial differentiation contributes to genetic structuring at the spawning grounds: maturing adults may spawn within their subpopulation in the frontal zone (McCleave, 1993) . This separation may be retained within the Gulf Stream by larval retention (Sinclair, 1988) . The vastness of the Sargasso Sea (5.2 ¥ 10 6 km 2 ) and its heterogeneous hydrographical structure potentially limits contact between spawning groups, supporting the IBD scenario detected at both microsatellite and allozymatic markers (Wirth & Bernatchez, 2001; this study) .
A second and likely scenario suggested by Chan et al. (1997) is that groups of spawning adults originating from different regions are temporally isolated and that this persists from year to year. Adult European eels begin their 6000-km-long journey to the spawning grounds between September and December (Desaunay & Guérault, 1997) and arrive 6 months later. Data from fisheries indicate different departure times for different populations of European eels, which results in separate spawning groups in the Sargasso Sea. Hence, the groups are able to maintain their integrity throughout the arrival waves (Ruzzante et al., 1998) . The larval retention model combines temporal and spatial elements. Offspring fitness increases when individuals stay in the spatiotemporal proximity of their own 'clutch'. Thus offspring remain 'members' of their natal population (member-vagrant hypothesis (Sinclair, 1988) ). Unlike Sinclair, who claims the European eel belongs to one retention zone in the Sargasso Sea and, hence, constitutes one panmictic population, we argue that several temporally separated spawning units linked to a single (or multiple) retention zone(s) must be taken into account during spawning period. Unfortunately, studies exploring oceanic features to explain variance in the genetic composition of fish stocks remain scarce (Grant & Bowen, 1998; Ruzzante et al., 1998; Stepien, 1999; Muss et al., 2001) .
Gene flow is the most probable cause for similarity between European eel populations. We thus propose that the larval retention model (member-vagrant hypothesis) with some degree of exchange between neighbouring populations (metapopulation) provides a realistic hypothesis to explain the present and previous results on eel population genetic structure (Sinclair, 1988; McQuinn, 1997) . Vagrant individuals are considered important in maintaining the populations during historical expansion-contraction events, as fluctuations in reproductive success and purifying selection during migration could weaken and even eradicate certain populations. Hence immigrating individuals could account for the temporal persistence of the entire population (and its subpopulations) (Stepien et al., 1999) .
The third hypothesis states that selection is the cause of the observed clinal variation at the loci GPI-1* and IDH-1*. If the evolutionary processes were strictly neutral, all loci screened in this study should have been influenced simultaneously. Purifying selection and the wide dispersal capability of the European eel (from 25∞ to 70∞N) might have a selective impact on enzymes that are essential for respiration pathways (Horton et al., 1996) , like GPI and the temperaturesensitive IDH (Sokolova & Portner, 2001) . Allozymic clinal variation and differentiation has frequently been correlated with environmental factors in fish and shellfish taxa (Powers et al., 1991; Gardner & Palmer, 1998) and in model organisms such as Drosophila spp. ('t Land et al., 2000) . Further investigations are needed to confirm this hypothesis.
Finally, genetic clinal variation may also be attributed to contact between previously isolated and genetically divergent populations. If subtle separate spawning sites with limited gene flow exist in the Sargasso Sea, mixing of the offspring during migration in the Gulf Stream (present pattern) could explain the observed clines at morphometric, allozymic, microsatellite and mitochondrial DNA markers (Harding, 1985; McCleave, 1993; Daemen et al., 2001; Wirth & Bernatchez, 2001 ; and this study). An increasing overlap in spawning sites during past generations would also result in this pattern (historical pattern).
CONCLUSION
The evidence of clinal variation at several allozymes in the European eel presented in this study dramatically shifts the debate from whether population structure exists in the European eel to where and how the structure arises, and suggests that structure originates from an isolation by distance (or time) scenario, contact between formerly separated groups, or selection in a heterogeneous environment. We observed an increase in genetic distance with geographical distance along most of the distribution range of European eel, suggesting a possible reproductive stock subdivision of this species. Our results are consistent with conclusions drawn based on microsatellite DNA in recent studies (Daemen et al., 2001; Wirth & Bernatchez, 2001 ). Hence, allozymes remain useful to enable comparisons between several markers and generate additional knowledge about the complicated life history of North Atlantic eels. Further research in a spatio-temporal and life history context combining several markers (see Waples, 1998 ) is needed to improve stock structure assessment and to make optimal management decisions for a fishery suffering from a considerable decrease in yield over the last two decades (Dekker, 2000 
